Using data from whole-genome projects, an updated multiplex PCR strategy was developed to assign Escherichia coli isolates rapidly to major phylogenetic groups. This assay accommodates sequence variations detected within target sequences, thereby increasing sensitivity and reliability. It was validated using 185 isolates of known sequence types and showed improved congruence with multilocus sequence typing data.
P
hylogenetic analyses have shown that Escherichia coli isolates fall into four main phylogenetic groups, groups A, B1, B2, and D (1). In 2000, Clermont et al. (1) described a triplex PCR strategy to assign E. coli isolates rapidly to one of these phylogroups. The strategy involved using three phylogenetic group markers, the chuA and yjaA genes encoding hypothetical proteins and the TSPE4.C2 DNA sequences situated within a gene encoding a putative lipase esterase, and groups were assigned on the basis of different combinations of presence and/or absence of the three amplicons (1, 5) . This strategy has been used extensively (2, 4, 6, 7, 11) . Nevertheless, we have encountered inconsistent PCR amplification fidelities or low amplification efficiencies that led to some isolates being assigned to a seemingly anomalous phylogroup. Other groups have also reported unusual PCR profiles or have reported incongruence between multilocus sequence type (MLST) and the phylogenetic group assigned for some isolates (9, 10, 12, 13) .
Since the original description by Clermont et al. (1) , the full genome sequences of many E. coli strains have been determined. Sequences of the three phylogenetic group markers were searched by BLAST against 317 E. coli complete or draft genomic sequences deposited in the GenBank database and were variably retrieved in queried genomes as they represented various phylogenetic groups. Alignments of all retrieved chuA (n ϭ 127), yjaA (n ϭ 97), and TSPE4.C2 (n ϭ 177) sequences revealed polymorphic nucleotides within the annealing regions for the published PCR primers for these three marker fragments; for example, more than 60% of the analyzed sequences had one or two polymorphic nucleotides within the yjaA forward (59/97) and/or TSPE4.C2 reverse (129/ 177) primers (Table 1) . We sought therefore to update the primers used to accommodate these sequence variations and thereby to improve the coverage offered by this phylogrouping scheme.
New primers were designed to amplify conserved regions of the same three markers, while a new fourth primer pair specifically targeted the E. coli glutamate decarboxylase-alpha gene, gadA, as an internal amplification control (GenBank accession no. EF547378) ( Table 2 ). There was no internal control in the original assay, but we included one in our revised scheme to allow greater confidence when assigning isolates to phylogenetic group A based on the absence of any of the three markers (1). To aid interpretation of amplification patterns by experienced users, the new prim- Amplification reaction mixtures containing the eight primers at a final concentration of 1 M used purified genomic DNA as a template and were performed with the following optimized cycling conditions: (i) 4 min at 94°C; (ii) 30 cycles, with 1 cycle consisting of 30 s at 94°C, 30 s at 65°C, and 30 s at 72°C; (iii) a final extension step of 5 min at 72°C. The new and old schemes were subsequently compared by testing 185 E. coli isolates of known multilocus sequence types or complex sequence types (http://mlst .ucc.ie/mlst/dbs/Ecoli) by both methods. The isolates studied were from the British Society for Antimicrobial Chemotherapy (BSAC) Bacteremia Resistance Surveillance Programme (n ϭ 168) (www.bsacsurv.org) (8) or had been sequence typed in another study (n ϭ 17) (EU-SAFEFOODERA project 08176 [www .safefoodera.net]) and were obtained from human, cattle, or poultry from Germany, Netherlands, and United Kingdom. The PCRs for isolates showing discrepancies in banding patterns between the two schemes were repeated for confirmation.
Two-thirds (121 [65.4%]) of the isolates yielded identical PCR profiles for the three group markers with both sets of primers and were accordingly assigned to the same phylogenetic groups by either the original or modified scheme. Of the 64 isolates (34.6%) yielding different banding patterns, 54 gave products for TSPE4.C2 (n ϭ 45) or yjaA (n ϭ 9) only with the new primers; these isolates belonged to phylogroups D (n ϭ 3), B2 (n ϭ 42), and A (n ϭ 9). However, amplification of these two markers had no effect on the phylogroup assignments for these 54 isolates.
The modified assay changed the phylogroup assigned for 10 isolates (Table 3) . In all cases, the new primers amplified products that were not detected using the original primer pairs. Amplification of chuA with either yjaA or TSPE4.C2 bands resulted in the reassignment of two isolates belonging to sequence type ST428 or the ST131 complex from group B1 (original) to B2 (modified) and two belonging to ST2167 or the ST38 complex from group A to D, while amplification of TSPE4.C2 and yjaA changed the phylogroup of an ST73 isolate from group D to B2 (Table 3) . Four isolates belonging to ST1611 (n ϭ 2), ST155 (n ϭ 1), or the ST131 complex (n ϭ 1) amplified an additional TSPE4.C2 or yjaA band and were reassigned from group A to B1 (n ϭ 3) or B2 (n ϭ 1) (Table 3) , while another ST131 isolate yielded additional bands for all three markers and was reassigned from group A to B2. Moreover, inclusion of the gadA internal control in the modified assay prevented misclassification of six isolates belonging to ST127 (n ϭ 2), ST393 (n ϭ 1), ST1534 (n ϭ 1), or the ST90 complex (n ϭ 2) to group A. When first tested, these six yielded amplicons for none of the three phylogenetic markers with either primer set. This would have resulted in assignment to group A according to the original scheme, but in the new assay, they also failed to amplify gadA, indicating poor DNA quality; they were retested and classified consistently by both methods as phylogroups B1 (n ϭ 3), B2 (n ϭ 2), and D (n ϭ 1). In a previous thorough analysis of MLST data to validate the accuracy with which the Clermont method assigns strains to their correct phylogroups, Gordon et al. have shown that the assignment of isolates to group A and D were to a certain extent less accurate than assignment to group B1 and B2, which is in agreement with our findings, as the majority (8/10) of the misclassified isolates in our study were assigned to these two groups with the old scheme (Table 3) (3). The authors have also shown that the number of isolates misassigned to groups A and D depended on the composition of the collection of strains being assessed and varied with the host of origin or the geographic locality of those from humans, suggesting that sequence variations in the three targeted markers preventing their amplification may have been the cause of these misassignments (3). The new primers allowed all isolates belonging to ST131 (n ϭ 9) and ST73 (n ϭ 31) to be assigned to phylogroup B2 and all those belonging to the ST38 complex (n ϭ 2) to group D, as some would have been wrongly typed as phylogroup A, B1, or D in the original scheme, which improved the overall accuracy of the phylogrouping assay by 5.4% (10/185). In particular, the number of isolates wrongly classified in the old scheme as group A or D was reduced by 18% (8/44) ( Table 3) .
In summary, we have validated an updated version of the previously described multiplex method for phylogrouping E. coli. The assay uses new primers designed to accommodate sequence variations in the three targeted markers, thereby increasing the sensitivity and reliability of the method and achieving better congruence with MLST data. The study highlights the need to revisit sequence-based tests regularly to reevaluate sensitivity as new sequence data become available.
